We cloned a cDNA coding for a novel serine/threonine kinase, Dlk, a protein of 448 amino acids with a predicted molecular weight of 51.3 kDa. The kinase domain shows 81% amino acid sequence identity to the recently identi®ed DAP kinase (death associated protein kinase) (Deiss et al., Genes & Dev., 9, 15 ± 30, 1995), therefore, the new kinase was called Dlk, for DAP like kinase. Northern analyses revealed a single mRNA species of 1.7 kb which was ubiquitously expressed. However, expression levels varied considerably in dierent cell lines and tissues. Moreover, expression was downregulated upon UV irradiation. Dlk exhibited autophosphorylation activity, predominantly towards threonine residues and phosphorylated the regulatory subunit of myosin light chain, but in this case exclusively at serine residues. Dlk seems to be tightly associated with insoluble nuclear structures, presumably chromatin, since it was resistant to various rigorous extraction procedures but it was partially released upon DNase I digestion of nuclei. Consistent with this, puri®ed Dlk phosphorylated core histones H3, H2A and H4 as exogenous substrates and endogenous histone H3 in kinase assays with nuclear extracts. Expression as GFPfusion protein revealed a diuse as well as a speckled nuclear staining suggesting an association with replication or transcription centers.
Introduction
Phosphorylation of proteins plays a regulatory role in a wide variety of biological processes such as cell cycle control, chromatin condensation and decondensation, transcription control, metabolic processes, neuronal functions etc. (for reviews, see Hunter, 1995; Karin and Hunter, 1995; Grana and Reddy, 1995) . Alterations in the activities of kinases and consequently of the phosphorylation state of key regulatory proteins, may eventually lead to cellular transformation. For example, kinases involved in conveying mitogenic signals from the plasmamembrane to the nucleus, e.g. growth factor receptor tyrosin kinases or members of the MAP kinase pathway are tightly regulated and get activated only upon binding of an external ligand. Mutations in any of these components may result in oncogenic activation mimicking a constant mitogenic signal that will lead to unscheduled proliferation (for review, see Hunter, 1997) . Similarly, the cyclin-dependent kinases (Cdks) regulating the cell cycle, particularly the restriction point, are tightly controlled by interaction with their regulatory subunits, the cyclins and Cdk inhibitors, and by phosphorylation, and will be active only under appropriate conditions. Changing the balance between activating and inactivating components, e.g. overexpressing Cdk4 or cyclin D or mutational inactivation of the Cdk inhibitor p16 will override the restriction point control and lead to unrestricted growth (for review and speci®c references, see Grana and Reddy, 1995) .
DNA tumor viruses have developed common strategies to interfere with cell cycle control and to push quiescent cells into a proliferative state that allows viral replication. The adenopolyoma-and papillomaviruses all encode proteins that inactivate Rb, a key negative regulator at the restriction point, and p53, an inducer of apoptosis, thus releasing the cell into a replicative state and preventing apoptosis (for reviews, see Hamel et al., 1992; Picksley and Lane, 1994) . In addition, the adenovirus E1A gene products and the SV40 large T antigen induce or activate protein kinases and thereby change the phosphorylation state of key regulators such as Rb (Wang et al., 1991) or p53 (see Meek, 1994) . Large T induces or activates several kinases including Cdk2, CKII, and other kinases not identi®ed so far (MuÈ ller et al., 1993) . Since transformation-defective mutants of large T fail to induce these kinases there seems to be correlation between kinase induction and transformation.
In order to search for new kinases that might play a role in growth control or large T-mediated transformation we took the approach of Wilks (1991) which is based on the fact that the catalytic domains of kinases consist of 11 highly conserved subdomains which may be used as probes for screening. These subdomains serve speci®c functions such as nucleotide binding or substrate recognition and which are characteristic of certain subfamilies of kinases such as PKA, PKC, Cdk, Ca/CAM dependent kinases etc. (Hanks et al., 1988) . Degenerate oligonucleotides derived from conserved subdomains VI and VIII or IX, that are speci®c for serine/threonine kinases may be employed in RT-PCR to amplify and isolate novel kinase sequences.
We cloned a cDNA coding for a novel serine/ threonine kinase, Dlk. Northern analyses revealed ubiquitous expression of a 1.7 kb transcript coding for a novel serine/threonine-speci®c protein kinase of 448 amino acids. The kinase is tightly associated with nuclear structures, it exhibits autophosphorylation and phosphorylates myosin light chain and core histones H3, H4 and H2A.
Results

Isolation of a cDNA clone coding for Dlk
Using cDNA from SV40-transformed rat cells as template and degenerate oligonucleotides derived from the conserved kinase subdomains VI and VIII or IX as PCR primers (Hanks et al., 1988; Wilks, 1991 ) (see Material and methods), DNA fragments of the expected size of about 160 or 200 bp, respectively, were generated and cloned into TA-cloning vector. Sequence analyses of 81 dierent clones revealed 29 clones with homology to kinases and 52 clones without signi®cantly homology to kinases. Five of the kinaserelated products were identical to the corresponding segments of S6-, RAC, Dyr-, MR-, or cAMPdependent kinases, three of the remaining PCR products revealed 62% homology to the recently identi®ed human DAP kinase (death associated protein kinase), which plays an essential role in g interferon-mediated cell death (Deiss et al., 1995) . Since the DAP kinase homologue was obtained several times and seemed to be overrepresented one of the products of 162 bp (between the primers) was chosen for further investigations. To obtain a full length clone a primer speci®c for the 162 bp fragment was employed in a 5' RACE to yield a larger fragment of 650 bp. Sequence analysis of this fragment revealed an even higher degree of identity of 76.3% to the human DAP kinase at the amino acid level. The 650 bp fragment was then used as probe to screen the same l-cDNA library used above, whereby seven out of 250 000 clones were positive. After ampli®cation and subcloning a 1.4 kb insert was obtained and sequenced. It contained an open reading frame of 1344 nucleotides beginning at nucleotide 10 of the cDNA clone corresponding to position 114 of the RACE clone. Thus, the 5' RACE clone extended about 100 bp into the 5' untranslated region. The combined sequences of the RACE and cDNA clones are shown in Figure 1a . The open reading frame contains a start codon at nucleotide position 114, relative to the 5' end of the cDNA, preceded by a stop codon and the canonical Kozak sequence (Kozak, 1987) . The open reading frame translates into a polypeptide of 448 amino acids. The stop codon at nucleotide position 1458 is followed by 56 nucleotides of 3' untranslated region and concluded by an oligo A tract (not shown). Northern blot analysis with the 650 bp RACE fragment as well as with the full length cDNA revealed hybridization with a single transcript of about 1700 bp (see Figure 5) . Thus, assuming a length of the poly A tail of 150 to 200 nucleotides, only some nucleotides of the 5' untranslated region seem to be missing from the sequence shown in Figure 1 . Moreover, there was no indication for splice variants. The information obtained so far made us con®dent that we had cloned the complete coding region. In vitro translation in a coupled transcription/translation system revealed indeed a product of the predicted size of 52 kDa (data not shown).
The amino acid sequence identity of the entire kinase domain to that of the human DAP kinase is 81%. Therefore, the new kinase was named DAP like kinase, Dlk. An alignment of the kinase domains of both enzymes is shown in Figure 1b . The kinase domain comprising 275 residues is located in the amino-terminal part of the protein and contains the eleven conserved subdomains of the serine/threonine kinase superfamily (Hanks et al., 1988) . The residual carboxy-terminal part of the predicted protein was clearly distinct from DAP kinase (see Discussion) and did not show any signi®cant homology to other known protein sequences. A schematic alignment of the two kinases is shown in Figure 1c .
However, some interesting features can be pointed out: (i) there are four putative nuclear localization signals (NLS) (Dingwall and Laskey, 1991) , one in the kinase domain, residues 44 ± 50, one bipartite NLS at the junction C-terminal to the kinase domain (residues 278 ± 294), another bipartite signal from residue 339 ± 347, and one partial signal from residue 405 ± 410 suggesting that the kinase is targeted to the nucleus; (ii) the C-terminal extra kinase domain shows an extraordinary high content of arginine (22%), and (iii) the very carboxy terminus contains several leucine and valine residues with the approximate spacing characteristic of leucine zippers (Landschulz et al., 1988) .
Dlk exhibits autophosphorylation activity and phosphorylates myosin light chain as exogenous substrate
To see whether the cloned cDNA coded for an authentic protein kinase it was ®rst expressed as GST fusion protein. The Dlk-cDNA was cloned into pGEX and expressed in E. coli strain M15 (Smith and Johnson, 1988; MuÈ ller and Scheidtmann, 1995) . A protein of 78 kDa was highly expressed although mostly in an insoluble form (data not shown). The GST-Dlk fusion protein in the crude extract or puri®ed from the soluble fraction by anity chromatography on glutathione sepharose (Smith and Johnson, 1988) were employed in a kinase reaction using a standard reaction buer containing Mg 2+ and Mn 2+ as divalent ions. As exogenous substrate we used myosin light chain (MLC) since this substrate is eciently phosphorylated by the related DAP kinase (Cohen et al., 1997) . GST-Dlk was indeed enzymatically active and exhibited both phosphorylation of MLC and autophosphorylation of the fusion protein (data not shown). Since puri®ed GST as substrate alone was not phosphorylated we assumed that autophosphorylation occurred indeed in the kinase.
Autophosphorylation may be an indication that Dlk itself is regulated by phosphorylation. Therefore, we made use of the baculovirus expression system which has been shown to exert posttranslational modifications of recombinant proteins similar or identical to vertebrate cells (Fuchs et al., 1995) . Dlk was recloned into a baculovirus transfer vector and thereby provided with a 6xHis tag at its amino terminus to facilitate puri®cation (see Materials and methods). Recombinant virus was generated as described (Fuchs et al., 1995) . Sf9 cells were infected with His-Dlk-baculovirus and harvested 2 ± 3 days postinfection. Infected cells did not replicate anymore but did not show unusual morphological alterations attributible to the expression of Dlk. SDS ± PAGE analysis of total cell extracts from infected Sf9 cells revealed high level expression of a 52 kDa protein (Figure 2a, lane 1) . However, using standard detergent extraction procedures only marginal amounts of His-Dlk could be obtained in the soluble fraction, even with 0.5 to 1 M salt, while the vast majority of the protein appeared to be retained in the insoluble fraction which contains nuclear as well as cytoskeletal structures (Figure 2a, lanes 2 and 3) . Despite its low yields His-Dlk was puri®ed from the soluble fraction using Ni-NTA agarose as an anity matrix. The Ni-matrix was washed with buer containing 50 mM imidazole and the bound proteins were eluted with 300 mM imidazole. The eluted kinase was rather pure (Figure 2a To verify that Dlk represented indeed a serine/ threonine-speci®c kinase, we performed phosphoamino acid analyses of MLC and Dlk itself, both phosphorylated in vitro. MCL was phosphorylated exclusively at serine whereas Dlk was phosphorylated predominantly at threonine and to a minor extent at serine, the ratio being about 4 : 1 (data not shown). This latter result indicated that Dlk autophosphorylation occurred at multiple residues.
To determine the optimal assay conditions we varied the pH and salt concentrations and the ion compositions. Optimal activity was obtained with 100 mM KCl, 5 mM Mn ++ and pH 7 with MLC as substrate, the activity being about twice that obtained under standard conditions (data not shown). The presence of Ca ++ or Ca ++ plus calmodulin did not in¯uence the activity indicating that Dlk did not belong to the Ca/ calmodulin-regulated kinase subfamily as suggested from the sequence homology.
To evaluate further the substrate speci®city, a number of commonly used kinase substrates were tested including histone H1, casein a and b, representing substrates for Cdk2, CK1 or CK2. Of these, only histone H1 and b casein were phosphorylated, though to a much lower extent compared with MLC (data not shown).
Dlk is tightly associated with nuclear structures and chromatin
The low yield of soluble Dlk employing conventional extraction procedures implied that the enzyme was tightly associated with insoluble structures. Since detergent extraction does not allow to discriminate whether a given protein is bound to cytoplasmic, i.e. cytoskeletal, or nuclear structures, i.e. nuclear matrix or chromatin we sought to distinguish these possibilities by dierent treatments: Nocodazol and cytochalasin B were used to disrupt microtubuli or micro®laments, respectively, while leaving nuclear structures intact. Both treatments did not solubilize substantial amounts of Dlk. On the other hand, treatment of extracted nuclei with EDTA, DNase, or RNase released some Dlk (about 20 vs 10%; data not shown), suggesting that Dlk was associated with chromatin or RNP complexes.
We also considered that the tight association with nuclear structures might be due to the His tag. To address this question, we tried to extract the His-tagged Dlk with 300 mM imidazole, without success, however. Additionally, we expressed Dlk without His tag and performed similar extraction protocols. The untagged enzyme behaved almost identical to His-Dlk although the yields upon salt extraction of nuclei were slightly higher with untagged Dlk than with His-Dlk (about 20 vs 10%). This tight association with nuclear structures may be explained by the extraordinarily high content of arginine in the C-terminal part of Dlk (see sequence).
Dlk phosphorylates core histones
Since Dlk appeared to be associated with chromatin we examined whether it might phosphorylate histones. When a mixture of all histones from calf thymus was added to a kinase reaction of puri®ed His-Dlk the kinase phosphorylated the core histones H3, H4 and, to a lesser extent H2A, but not H2B or H1 (Figure 3 , lane 3). The histones were phosphorylated to a similar extent as MLC (lane 2). Identical results were obtained when the histone mixture was employed in kinase assays with nuclear extracts containing either His-Dlk (Figure 3, lane 9) or untagged Dlk (not shown), while only marginal histone phosphorylation was observed with control extracts (Figure 3, lane 6) . Interestingly, addition of histones to kinase reactions with nuclear extracts inhibited autophosphorylation to a considerable extent which was not the case with MLC Figure 2 Expression, puri®cation and kinase activity of His-tagged Dlk. (a) Sf9 cells were infected with His-Dlk baculovirus and harvested 2 days postinfection. Cells were lysed either directly in SDS sample buer to analyse the total extract (lane 1) or lysed and extracted sequentially with phosphate lysis buer (which was discarded) and buer J plus 0.5 M NaCl (nuclear extract, lane 2); the residual unsoluble nuclear structures were dissolved in sample buer. The nuclear extract from about 5610 6 cells (lane 4) was applied to anity puri®cation on Ni NTA agarose, the column was washed and eluted as described under Materials and methods (lane 5); lane 5 represents of the total eluate while the other samples were volume adjusted. (b) Kinase assays (see Materials and methods) were performed with puri®ed enzyme from uninfected cells (1) or from His-Dlk baculovirus-infected cells (lanes 2 and 3) or with nuclear extracts from uninfected (lanes 4, 5) or infected cells (lanes 6, 7); assays shown in lanes 1, 3, 5, and 7 were performed with MLC as exogenous substrate, those shown in lanes 2, 4 and 6 were without substrate. Samples were separated on 10% polyacrylamide gels and stained with Coomassie blue (a) or autoradiographed (b) (compare Figure 3 , lanes 7 and 8 with lane 9). To see whether Dlk would phosphorylate histones in situ, the extracted residual nuclear structures (remaining after salt extraction) were subjected to a kinase reaction. To assess the speci®city of this crude assay we also added MLC or the histone mix from calf thymus as exogenous substrates. In addition, autophosphorylation of Dlk was used as indicator for its activity. As shown in Figure 3 , (lanes 10 to 14) His-Dlk was highly active under these conditions and its activity could clearly be distinguished from the marginal activities present in uninfected cells (lanes 11 and 13). The high degree of autophosphorylation seen in lanes 10, 12 and 14 re¯ects the large amounts of His-Dlk that remained associated with nuclear structures after extraction. In the sample without exogenous substrates (lane 12), HisDlk did indeed phosphorylate histone H3, but not the other histones, although a faint phosphorylated band migrating at the position of H2A was sometimes observed. The strongly phosphorylated protein migrating in front of histone H4 was an unknown protein but could be clearly distinguished from H4 (see lane 9, for instance). Whether histone H4 was phosphorylated cannot be concluded with certainty since it was not readily resolved from the latter protein. Anyhow, these results suggest that some of the core histones might be a physiological substrate of Dlk.
Transient expression of GFP-tagged Dlk reveals punctuate nuclear localization
The nuclear localization of Dlk was additionally veri®ed by transient expression of a GFP-tagged Dlk. The entire coding region of Dlk was cloned downstream of the GFP gene and the resulting expression construct was transfected by lipofection into REF52.2 cells as described under Materials and methods. A GFP expression vector served as control. After one day 20 ± 30% of the cells showed¯uorescence. The GFPDlk fusion protein exhibited a diuse as well as a punctuate or speckled distribution in the nuclei, the speckles varying in size and number (Figure 4b ). In the control, the GFP was mostly in the cytoplasm and only to a minor extent in the nuclei (Figure 4a) . The pictures were similar two or three days post transfection. There were no signs of apoptosis attributible to the expression of Dlk. On the other hand, none of the Dlk-expressing cells showed mitoses suggesting that overexpression of Dlk might lead to a growth arrest. However, this needs to be investigated more carefully. The speckled uorescence of GFP-Dlk suggests that it is associated with particular structures such as nuclear matrix, replication or transcription centers, or spliceosomes.
To assure that GFP-Dlk was enzymatically active, transfected cells were extracted the same way as baculovirus-infected insect cells and employed in kinase reactions with MLC or histones. This experiment con®rmed the results obtained with Sf9 cells with respect to distribution between soluble and insoluble fractions and substrate speci®city (data not shown).
Dlk is ubiquitously expressed but its expression varies in dierent cell lines and tissues
The initial PCR ampli®cation and the screening of the SV52 cDNA library revealed several independent Dlk clones suggesting the Dlk was expressed at relatively high abundance and, perhaps, overexpressed in SV40-transformed cells. Northern blot analyses with the 32 P- Figure 3 Dlk phosphorylates core histones. Puri®ed HisDlk (lanes 1 ± 3) or nuclear extracts from uninfected (4 ± 6) or infected cells (7 ± 9), or residual nuclear proteins from noninfected (lanes 11 and 13) in infected cells (lanes 10, 12, 14) were subjected to kinase reactions containing no additional substrate (lanes 1, 4, 7, 12 and 13) or MLC (lanes 2, 5, 8, 14) or histone mix from calf thymus (lanes 3, 6, 9 and 10) as added substrates. Phosphorylated products were analysed on 15% polyacryl amide gels and autoradiographed labeled 650 bp RACE product (corresponding to the 5' portion of the cDNA) as a probe revealed a single RNA of ca 1,7 kb in all cell lines tested (Figure 5a ). The amount of Dlk transcript varied considerably: C8, REF52wt, rev2, and SV52 cells, which are all SV40-large T-transformed cells or a revertant thereof (rev2), showed a relatively high abundance of Dlk mRNA, whereas raf55 (v-raf transformed 208F cells), R677 (transformed with a transformation-defective large T mutant), or normal rat1 cells showed much lower levels of expression. Hybridization with a GAPDH probe con®rmed that similar amounts of RNA were loaded onto gel and ®lter (Figure 5b) . However, when additional cell lines were analysed the higher expression of Dlk of SV40-transformed versus normal cells was not consistent. For instance, normal REF52.2 cells showed a similarly high level of expression as the SV40-transformed derivatives SV52 or REF52wt (data not shown). Thus, the observed dierences may re¯ect alterations that have evolved during establishment of particular cell lines rather than representing dierences between normal and transformed cells.
In order to investigate the expression of Dlk in dierent tissues we employed a multiple tissue blot (Clontech) containing mRNA from eight tissues and hybridized it with the complete Dlk cDNA as probe, as shown in Figure 5c . There was again only one prominent transcript at 1.7 kb. In addition, there were faint signals in RNA from spleen and lung at 2.2 kb and in kidney at 3.8 kb. Whether these represent indeed rare splicing variants remains to be elucidated. When considering the abundance of the major Dlk transcript there seemed to be two categories: expression was high in brain, heart, lung and spleen, but 2 ± 4 times lower in kidney, liver, skeletal muscle, and testis. Unfortunately, the b actin standard (shown in Figure  5d ) was not a suitable reference in this case because of its tissue-speci®c variations. Anyhow, these data show that Dlk seems to be ubiquitously expressed and may therefore perform an essential function.
Dlk expression is downregulated upon UV irradiation
The high degree of homology of DAP kinase, a mediator of g interferon-induced cell death (Deiss et al., 1995) may suggest that Dlk is involved in apoptotic processes. Although the transient expression of GFPDlk described above did not reveal any signs of apoptosis, we asked whether UV irradiation would in¯uence the expression of Dlk. REF52, Rat1, SV52, or BT1 cells (a p53-negative cell line) were irradiated with UV at doses that would induce apoptosis. RNA was isolated at dierent times after treatment and subjected to northern analyses using Dlk cDNA as a probe. In all cases, UV irradiation lead to a reduction of the transcript levels, as shown in Figure 6 . These results argue against a (positive) role in apoptosis.
Discussion
In this paper, we described the cloning and initial characterization of a novel serine/threonine-speci®c protein kinase which, due to its homology to DAP kinase, was called DAP like kinase, Dlk. The relatively high degree of sequence identity of rat Dlk to the human DAP kinase (81%) and at the same time the divergence to other known kinases suggests that DAP kinase and Dlk belong to a hitherto unknown subfamily of serine/threonine kinases. However, this high degree of homology between Dlk and DAP kinase is restricted to their kinase domains while their carboxy termini are completely dierent. The C-terminus of DAP kinase is 1150 amino acids in length, it contains a calmodulin binding domain involved in calmodulindependent phosphorylation, a stretch of ankyrin repeats, a segment mediating interaction with the cytoskeleton, and a so-called death domain which might play a role in the apoptotic function (Deiss et al., 1995) . In contrast, Dlk does not contain any of these motifs and its activity is not aected by Ca ++ / calmodulin. However, the amino acid sequence of the C-terminal domain shows some interesting features: (i) it contains three putative NLS sequences in addition to that in the kinase domain; (ii) it is extremely rich in arginine residues (22%); and (iii) the very C-terminal end contains an array of leucine and valine residues reminiscent of leucine zippers. 
Subcellular localization
Sequential extraction of Dlk from overexpressing insect cells and the¯uorescence data obtained with the GFPDlk fusion protein indicated that Dlk is localized to the nucleus as expected from the multiple putative NLS sequences. Which of these NLSs are functional remains to be elucidated. Obviously, the NLS in the N-terminal kinase domain is sucient for nuclear translocation since a C-terminal deletion mutant of DAP kinase carrying an identical NLS in kinase subdomain II is transported to the nucleus rather than that retained in the cytoplasm (Cohen et al., 1997) . The additional putative NLSs in Dlk may just represent a random accumulation due to the high proportion of arginines in this region of the molecule or, more likely, enhance nuclear transport or facilitate targeting to nuclear substructures.
In fact, the GFP-Dlk fusion protein showed a diuse as well as a punctuate (speckled) nuclear staining. The disperse staining may represent chromatin-associated Dlk. Consistent with this assumption is the tight association of Dlk with nuclear structures and the phosphorylation of core histones. In addition, Dlk binds to DNA in an unspeci®c fashion (G. Page, unpublished results). The speckled staining of GFPDlk in the nucleus suggests an association with either replication (Pardoll et al., 1980; Schirmbeck and Deppert, 1991; Hozak et al., 1993) , transcription (Zeng et al., 1997) , or splicing centers (Spector, 1993) . Future experiments with antibodies directed against representative markers will eventually reveal a colocalization with Dlk and can help to elucidate the implication of Dlk in these processes.
Signi®cance of the putative leucine zipper
The carboxy terminus of Dlk contains a series of leucine and valine residues with a spacing of six, seven or eight residues thus resembling the leucine zipper motif which is characterized by a heptad repeat of four to ®ve leucines (Landschulz et al., 1988) . Theoretically, the Cterminal region in Dlk does not strictly ful®l the requirements of a leucine zipper. However, while this manuscript was in preparation, Kawai et al. (1998) reported the identi®cation and characterization of the mouse homologue of Dlk through the two-hybridsystem using the leucine zipper of transcription factor ATF-4 as a bait (Kawai et al., 1998) . This study therefore demonstrates that this kinase contains indeed a functional leucine zipper. Hence, the novel kinase was termed zip kinase for zipper interacting protein kinase. The overall sequence identity between rat Dlk and mouse ZIP kinase is 99.8% with only one amino acid exchange in Dlk. Thus, Dlk and ZIP kinase are clearly identical and belong to a novel class of kinases that might interact with leucine zipper containing proteins like transcription factors. This interaction might serve dierent functions, either regulation of the interacting transcription factor by phosphorylation or targeting of the kinase to promoters thus facilitating phosphorylation of other components of the initiation complex or of chromatin. Additionally, the zipper domain may also be used for homodimer formation of the kinase itself, as suggested from the study of Kawai et al. (1998) .
Kinase activity and substrate speci®city
Dlk exhibited autophosphorylation activity and phosphorylated MLC and core histones H3 and H4 and to 2 (all others), total RNA was extracted from untreated or irradiated cultures at the times indicated and analysed for their content of Dlk-speci®c mRNA by Northern blotting. GAPDH was used as reference in all cases (a) Relative amounts of Dlk and GAPDH mRNA in REF52.2 cells at 0, 2, 6, or 14 h after irradiation (lanes 1, 2, 3, and 4, respectively). (b) Quantitation of the blots shown in (a) by densitometric scanning (Dlk mRNA relative to GAPDH). (c) Dlk mRNA levels in Rat1, BT1, and SV52 cells at 6 h post irradiation (grey bars) relative to the untreated controls (black bars); normalized relative to GAPDH mRNA a lesser extent H2A. Whether these represent physiological substrates remains to be elucidated. At least we could demonstrate phosphorylation of histone H3 in Dlk-dependent manner employing a kinase assay with the residual nuclear structures, containing nuclear matrix and chromatin. Additional substrates may be transcription factors. Combining our ®ndings (histone phosphorylation) and those obtained by Kawai et al. (1998) (interaction with transcription factors) it is attractive to speculate that Dlk/ZIP kinase is involved in regulating transcription by remodelling the chromatin in promoter regions.
Expression and regulation of Dlk
Northern analyses with RNA from eight dierent tissues and from nine dierent cell lines indicate that Dlk is ubiquitously expressed at least in the adult animal. We observed great dierences in abundance of Dlk mRNA in established cell lines. Since no simple correlation between Dlk expression and the growth properties of the cells could be drawn, the signi®cance of this observation remains unclear. The dierences in expression may have evolved during establishment of the individual cell lines. On the other hand, the mRNA abundance was rather similar in the tissues investigated (2 ± 4-fold dierences between low and high abundance) and there was again no obvious correlation between the level of expression and the state of proliferation or dierentiation of a given tissue. For instance, spleen and testis, representing proliferative tissues exhibited high or low levels of expression, respectively. Similarly, brain and skeletal muscle representing highly dierentiated tissues, were also found in both categories showing high or low expression of Dlk, respectively. Using a similar type of multiple tissue blot from mouse, Kawai et al. (1998) also found ubiquitous expression of ZIP kinase with one exception: expression was very weak in spleen. We assume that this is due to a blotting artifact since it is hard to believe, that mouse and rat dier so greatly in this respect. However, it must be emphasized that the level of transcription does not necessarily correlate with enzymatic activity. Rather, it seems very likely that Dlk is regulated on a posttranslational level, e.g. by phosphorylation. Phosphorylation could aect the kinase activity or the interaction with particular substrates, or both.
Possible biological functions
The ubiquitous expression and the high degree of conservation between rat (Dlk) and mouse (ZIP kinase) of 99.8% suggest that Dlk serves an important function. Three possible functions can be envisioned: First, the similarity between Dlk and DAP kinase (81% in the kinase domain) may suggest that Dlk, like DAP kinase, plays a role in apoptosis as implicated by Kawai et al. (1998) . However, both proteins dier completely in their extra kinase domains. Most signi®cantly, Dlk does not contain a so-called death domain, a prominent feature of DAP kinase, and both dier in their subcellular localization.
Our transient expression experiments with the GFPDlk fusion product did not reveal signs of apoptosis even after 3 days post transfection. Furthermore, UV irradiation which induces apoptosis or growth arrest lead to transcriptional downregulation of Dlk. And ®nally, the ubiquitous and rather high level of expression of Dlk in tissues as well as in established and even transformed cell lines argues against a direct role in apoptosis. The discrepancy of our results to those published by Kawai et al. (1998) who found about 45% apoptotic cells in ZIP kinase expressing NIH3T3 cells is not clear at present. We do not believe that the GFP portion of our fusion construct interferes with the function of Dlk since GFP-Dlk behaved like His-tagged Dlk in all aspects tested. Two possible explanations are quantitative dierences in the expression levels of Dlk or ZIP kinase, respectively, or qualitative dierences between the cell lines used in both studies. Dierent responses of so-called normal cells to various stimuli are well documented in the literature, including our own studies (Scheidtmann and Landsberg, 1996) . Based on these considerations we speculate that Dlk might antagonize the apoptotic activity of DAP kinase, just like the dierent members of the bcl-2 protein family which are structurally highly related but act antagonistically in regulating apoptosis (reviewed by Kroemer, 1997) . Clearly, this issue requires further investigation.
Another possibility is that Dlk serves a more general function in replication and/or transcription, perhaps by regulating interactions between replication or transcription factors, respectively, and core histones and thereby mediating the dynamic changes in chromatin structure that occur during replication and transcription. In support of this are the DNA binding and histone phosphorylating activities of Dlk. Further experiments are in progress to elucidate the role of this novel kinase in any of the processes discussed above.
Material and methods
Cell lines
Cell lines used in this study were: normal rat ®broblasts (lines REF52.2 and Rat1), rat ®broblasts transformed with wild type SV40 large T (SV52 [Bauer et al., 1987] ; REF52wt [U. Friedrich, unpublished] , or transformed with large T mutants (R677 [Schneider and Fanning, 1988] , C8 [Kalderon and Smith, 1983] ),¯at revertants of SV52 (rev2 [Bauer et al., 1987] ), BT1 (rat brain tumor cells, lacking p53 (Lohrum and Scheidtmann, 1996) , and rat 208F cells transformed with v-raf (raf55 [Martin et al., 1992] ). All cell lines were cultured in Dulbecco's modi®ed Eagle's medium containing 5% (or 10% for REF52.2) fetal calf serum. Spodoptera frugiperda cells (Sf9) were grown as monolayer cultures in TC100 medium supplemented with 10% fetal calf serum or in serum-free medium (Life Technologies, Gibco BRL) at 278C. The origin of wildtype baculovirus Autographa californica (Ac) and the generation of recombinant baculovirus have been described (Fuchs et al., 1995) .
Generation of a cDNA library
For generation of the cDNA library used for the isolation of kinase sequences we employed poly(A) + mRNA which was isolated from SV52 cells according to standard procedures (Sambrook et al., 1989) and further purification with poly(A)Quick TM columns (Stratagene). Reverse transcription was performed with the ZAP Express TM cDNA synthesis kit (Stratagene).
Isolation of kinase homologous sequences by PCR
A variety of degenerate oligonucleotides corresponding to highly conserved subdomains VI, VIII and IX (Hanks et al., 1988; Wilks, 1991) were used in PCR with phagemid DNA from the SV52 cDNA library as template. For maximum speci®city the degeneracy of the primers was kept as low as possible. The names of the oligonucleotides representing the encoded amino acid sequences and the deduced oligonucleotide sequences (shown in IUPAC-code) were as follows:
(A) Serine/threonine speci®c sense primers derived from subdomain VI: primer DLKPEN=5'-GAYCTNAARCCNGARAA-3';
DLKLDN=5'-GAYCTNAARCTNGAYAA-3'; DIKPQN (speci®c for GSK-3)=5'-GAYATYAARCCNSARAA-3'.
(B) Antisense primers corresponding to subdomain VIII: primer GTPEYLAPE=5'-TCDGGDGCNAGRTANTCGGGGGTGCC-3'.
(C) Antisense primers derived from subdomain IX:
PCR reactions were typically performed with 0.5 ± 1 mg template DNA for 40 cycles with annealing temperatures ranging from 30 ± 558C. Reaction products of the predicted sizes were subsequently cloned into either pBluescript or a TA cloning vector (pCR TM II, Invitrogen), submitted to dideoxy sequencing (T7 sequencing kit, Pharmacia) and analysed by data base searching (HUSAR, Heidelberg). By this approach a 162 bp fragment (excluding primers) of Dlk spanning from subdomain VI to IX was obtained.
5'RACE and screening of a cDNA library
For generation of a longer cDNA suitable for library screening a 5'RACE protocol modi®ed from Frohman et al. (1988) was employed. We used one antisense-primer derived from the 162 bp sequence obtained in the initial PCR and one sense-primer derived from the l-ZAP library plasmid pBK-CMV (Stratagene). PCR was performed with 1 mg phagemide DNA and primers HRIEAG (5'-GAA-CTCGCTACCGGCCTCGATCCTGTG-3') and T3-long (5'-GCTCGAAATTAACCCTCACTAAAGGG-3') as follows: 5 min initial denaturation without enzyme at 958C, 1 min at 808C (adding of enzyme), 40 cycles of denaturation at 958C for 1 min, annealing at 568C for 2 min, elongation at 728C for 2 min, and a ®nal elongation at 728C for 5 min. The resulting DNA fragment obtained this way was cloned into pCR TM II and sequenced giving rise to a partial cDNA clone of 626 nucleotides derived from the 5' region of Dlk. This cDNA fragment was labeled by random primer labeling with a 32 P-dCTP and Klenow polymerase (Megaprime Labeling Kit, Amersham) and used for screening an SV52-cDNA library in lZAP. Of 250 000 individual phage clones screened, seven positive plaques were identi®ed by autoradiography. One of these clones, Dlk-1, was isolated as a phagemide clone and completely sequenced.
Expression and puri®cation of Dlk as GST fusion protein in bacteria
The Dlk coding region (codons 2 ± 448 was cloned into pGEX in frame with glutathion-S-transferase (GST), expressed in E. coli M15 and puri®ed as GST-Dlk fusion protein by anity chromatography with glutathion sepharose as described (Smith and Johnson, 1988; MuÈ ller and Scheidtmann, 1995) .
Expression and puri®cation of Dlk as His-tagged protein in insect cells
First pVL1392His, a baculovirus transfer vector encoding at its aminoterminus a His-tag was generated by ligating the double-stranded oligonucleotide His-sense/His-antisense (sequences: 5'-GGCCATGGGCCATCATCATCAT-CATCATGGG-3' and 5'-AATTCCCATGATGATGAT-GATGATGCCCCAT-3') between the NotI and EcoRI sites of pVL1392 (Summers and Smith, 1987) . Dlk (codons 2 ± 448) was fused in frame downstream of the His-tag of pVL1392His, giving rise to pVL1392His-Dlk. Recombinant baculovirus was generated by cotransfecting pVL1392His-Dlk and Baculo-Gold-DNA (PharMingen) as described previously (Fuchs et al, 1995) . Expression of His-Dlk was monitored by SDS ± PAGE analysis. Puri®cation from baculovirus-infected Sf9 cells was performed as follows: cells were washed with phosphate buered saline (PBS) and lysed in phosphate lysis buer (10 mM NaPO 4 , pH 8.0, 140 mM NaCl, 3 mM MgCl 2 , 10 mM b-mercaptoethanol (b-ME), 0.5% Nonidet P-40 (NP-40), 10 mg/ml aprotinin at 48C for 15 min. Nuclei were pelleted by low speed centrifugation and the cytoplasmic supernatant was discarded. Nuclei were resuspended in buer J (10 mM Tris-HCl, pH 7.5, 140 mM NaCl, 10 mM b-ME, 1% Na desoxycholate, 1% NP-40, 0.1% SDS, 1 mg/ml aprotinin and further extracted by addition of 0.5 M NaCl for 15 min after which the remaining nuclear structures were pelleted by high speed centrifugation at 14 000 g for 10 min. His-Dlk was puri®ed from the supernatant by anity chromatography on Ni-NTA agarose (Qiagen) according to the manufacturer's protocol. After elution with 300 mM imidazole in 20 mM Tris, pH 7.5, 0.5 M NaCl, 10% glycerol, 1 mM phenyl methyl sulfonyl¯uoride (PMSF [Calbiochem] ) the enzyme solution was stored at 7708C.
Kinase reactions
Kinase reactions were performed for 30 min at 308C with 2 mCi [ 32 P]g-ATP (speci®c activity 3000 Ci/mmol) in a buer containing 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 8 mM MgCl 2 , 2 mM MnCl 2 , 1 mM DTT, 1 mM PMSF. Typically 1 ml of extract or 0.5 ml of puri®ed enzyme solution were employed in 12 ml reactions. Reactions were stopped by adding EDTA (pH 8.0) to a ®nal concentration of 10 mM and subjected to SDS ± PAGE. Kinase substrates myosin light chains, casein a and casein b were purchased from Sigma, histone H1 and histone mix from calf thymus were purchased from Boehringer Mannheim.
Expression of Dlk as GFP fusion protein
For expression of Dlk as GFP fusion protein the red shifted variant of wild type green¯uorescent protein was employed (pEGFP-C1, Clontech (Cormack et al., 1996) ). Dlk (codons 2 ± 447) was fused the carboxyterminus of GFP under the control of the CMV-IE promoter. REF 52.2 cells were transiently transfected with 1 mg of expression plasmid by lipofection with Lipofectamine TM reagent (Gibco BRL) for two hours, after which the medium was changed and the cells were further incubated for 1 ± 3 days. As control we employed the parental vector encoding EGFP. The cellular localization of the GFP-Dlk fusion protein was analysed by¯uorescence microscopy with an Axioplan¯uorescence microscope (Zeiss). 
UV irradiation of cells
Cells were seeded one day prior to irradiation to yield about 60% con¯uence. For irradiation, the medium was removed. Irradiation was at 30 ± 50 J/m 2 in a UV Stratalinker 2400 (Stratagene).
Northern analysis
For Northern analysis total RNA was extracted from various rat ®broblast cell lines as described previously (Chomczynski and Sacchi, 1987) , separated on 1% agarose/formaldehyde gels and transferred onto Hybond-N membranes (Amersham). The probes were 32 P-labeled Dlk cDNA comprising either the 5'-terminal 650 bp or the complete coding region. Labeling was performed using the Megaprime Labeling Kit (Amersham), as described above. Prehybridization, hybridization and washing of the blots was performed according to standard protocols (Sambrook et al, 1989) .
